The rapid increase in the aquaculture production of salmonids has been followed by a rise in several diseases. In particular, saprolegniosis can account for at least 10% of the annual economic loss in salmonids. In this study, we investigated the main Saprolegnia species involved in saprolegniosis of salmonids in Chile, and their association with specific developmental stages of the host fish. For this purpose, we studied 244 isolates of Saprolegniaaffected Atlantic salmon (Salmo salar), rainbow trout (Oncorhynchus mykiss), and king salmon (Oncorhynchus tshawytscha) from the salmon farming regions, using a recently developed identification strategy based on molecular taxonomical operational units. We found that the Saprolegnia species associated with diseased salmon were Saprolegnia australis, Saprolegnia delica, Saprolegnia diclina, Saprolegnia ferax, Saprolegnia parasitica and two new Saprolegnia species observed during this study. In order to determine whether there were any specific species associations with different stages in the fish life cycle, we applied mosaic plots and correspondence analyses for categorical data. These analyses showed a strong association of S. parasitica with samples from the adult stage of the fish (χ 2 = 196.29, p b 0.0001), while the species S. australis, S. diclina and Saprolegnia sp. 2 were strongly associated with embryonic stages (eggs or alevins) (χ 2 = 196.29, p b 0.0001). This work represents the first detailed molecular characterization of Saprolegnia species involved in saprolegniosis in Chile, and the first study showing specific association of different Saprolegnia species with different stages in the salmonid life cycle.
Introduction
The aquaculture production of salmonids in Chile has increased dramatically during the last decade (Ibieta et al., 2011) and has become the second largest of the world, only preceded by Norway (Bravo and Midtlyng, 2007; Ibieta et al., 2011) . The majority of this production corresponds to Atlantic salmon (Salmo salar) (40.7%), rainbow trout (Oncorhynchus mykiss) (34.6%), and coho salmon (Oncorhynchus kisutch) (24.6%) (FAO, 2011) . This rapid increase has also been followed by the rise of several diseases, e.g., infectious anemia disease (ISA) (Asche et al., 2009; Bravo and Midtlyng, 2007; Cárdenas et al., 2014; Ibieta et al., 2011) , which nearly caused the collapse of the Chilean aquaculture in 2010 (Ibieta et al., 2011) .
Diseases are one of the most detrimental threats in aquaculture (Moran and Fofana, 2007; Murray and Peeler, 2005) . In farmed salmonids, the majority of pathologies are caused by bacteria, fungi, sea lice, water molds (Oomycetes) and viruses (Bostock et al., 2010; Cárdenas et al., 2014; Igboeli et al., 2014; Meyer, 1991) . In particular, water molds such as Saprolegnia, represent one of the most prominent sources of disease and their impact is comparable to bacterial and see lice infections (Costello, 2006; Meyer, 1991; Noga, 1993) . Globally, Saprolegnia is thought to be responsible for at least 10% of the annual economic loss in salmonids (Hussein and Hatai, 2002; Phillips et al., 2008; Robertson et al., 2009; . In some cases, these infections may represent up to 50% of the total annual production loss (Bly et al., 1992; Bruno et al., 2011; Hatai and Hoshiai, 1992a; van West, 2006) . The most common sign of saprolegniosis in adult fish is a superficial "cotton like" growth with a white growth of mycelia on the fish skin, especially around the head, dorsal and caudal fins, gills, and in the muscular layer and internal organs (Fregeneda-Grandes et al., 2001; Hussein et al., 2001 ). In the embryonic stage, the typical symptom is the outgrowth of "cotton like" mycelium (Fernández-Benéitez et al., 2008; Rezinciuc et al., 2014) . Currently, the lack of an effective chemical control has resulted in a rapid increase in the number of reported cases of saprolegniosis in fish farms (Cao et al., 2012; Fregeneda-Grandes et al., 2007; Ghiasi et al., 2010; Rezinciuc et al., 2014; Thoen et al., 2011; Vega-Ramírez et al., 2013) . In the past the consequence of this disease was generally discounted because it was easily controlled with malachite green (Bailey, 1984; Robertson et al., 2009; van West, 2006) . However, the use of this chemical was banned due to its carcinogenic and toxicological effects (Srivastava et al., 2004; van West, 2006) . Alternative products had been tested for anti-Saprolegnia activity (Arndt et al., 2001; Gaikowski et al., 1998; Gieseker et al., 2006; Rach et al., 2005) , but none of these compounds seem to provide an efficient control of Saprolegnia as the banned malachite green (van West, 2006) .
Saprolegnia infections seem to be mainly caused by the species: Saprolegnia parasitica, Saprolegnia diclina, and Saprolegnia australis (Diéguez-Uribeondo et al., 1996; Rezinciuc et al., 2014; van West, 2006; Willoughby, 1978) . While S. parasitica is often reported in infections of adult fish (Diéguez-Uribeondo et al., 2007; Fregeneda-Grandes et al., 2007; Songe et al., 2013; Tiffney, 1939; Willoughby, 1978) , other species such as S. diclina are more often found in eggs (Diéguez-Uribeondo et al., 2007; Fregeneda-Grandes et al., 2007; . However, to date there are no studies showing clear associations between Saprolegnia species and the fish developmental stage.
In Chile, the first recorded case of disease caused by oomycetes was attributed to S. parasitica (Zaror et al., 2004) . This pathogen was presumably isolated from embryonic and adult specimens of Atlantic salmon, coho salmon, and rainbow trout that originated from freshwater farms (Zaror et al., 2004) . However, not all Saprolegnia pathogens may have been recognized as only morphological characters were used in identifications. An accurate identification of Saprolegnia species usually requires the use of molecular approaches since morphological characters are ambiguous, and often absent (Diéguez-Uribeondo et al., 2007; Willoughby, 1978) . The recent development of a molecular taxonomy of Saprolegnia has allowed us to accurately identify species of this genus without the need of difficult and often ambivalent studies of morphological traits (SandovalSierra et al., 2014) . Since studies on Saprolegnia species related to saprolegniosis in Chilean freshwater aquaculture have been limited in number and scope, the aim of this study was to uncover the primary species associated with this disease in the salmonids of Chile, and to define whether there is any association of these pathogenic species to fish developmental stages. 
Materials and methods

Isolates and morphological identification
Samples were collected from seven fish farms located at Castro, Melipeuco, Osorno, Petrohué, Pucón, Puerto Montt and Rupanco during the period from 2007 to 2013 (Fig. 1) . These farms were exclusively devoted to the aquaculture of salmonids, which comprised of the following species: Atlantic salmon, rainbow trout, and king salmon (Oncorhynchus tshawytscha). In all farms, samples from specimens showing symptoms of Saprolegnia infections at adult or embryonic (eggs and alevins) stages were collected. The samples from the adult stage originated from fish farms of Castro (Atlantic salmon and rainbow trout), Melipeuco (King salmon, and rainbow trout), Osorno (Atlantic salmon), Petrohué (Atlantic salmon), Pucón (Atlantic salmon and rainbow trout), Puerto Montt (Atlantic salmon and rainbow trout) and Rupanco (Atlantic salmon). Samples from embryonic stages were collected from Melipeuco (Atlantic salmon), Pucón (Atlantic salmon) and Puerto Montt (Atlantic salmon and Rainbow trout) farms.
The isolations from adult fish were carried out by collecting one sample from the following diseased tissues: gill plates, fins, or skin tissues. Isolations from embryonic stages were performed by collecting one sample of eggs or alevins showing a "cotton like" growth. All samples collected were washed in autoclaved distilled water supplemented with 100 mg l −1 penicillin C (Rezinciuc et al., 2014) , and placed onto Petri dishes with peptone glucose agar (PGA) (Cerenius et al., 1987) . All isolates were maintained on PGA in the culture collection of the Real Jardín Botánico, Madrid, Spain. A preliminary identification of the isolates to the genus level was performed based on microscopic observations by using an Olympus CKX41SF inverted microscope (Olympus Optical, Tokyo, Japan). For this purpose, isolates were grown in drop cultures of peptone glucose liquid media (PG1), for 2 d at 20°C and allowed to sporulate as described by Diéguez-Uribeondo et al. (1994) . The isolates were assigned to the genus level according to the discharge of zoospores (Coker, 1923) .
DNA extraction and PCR conditions
DNA was extracted from mycelia grown in drop cultures of PG1 for 2-3 d at 20°C as described in Diéguez-Uribeondo et al. (2007) . DNA extractions were carried out using DNeasy Plant Mini Kit (QIAGEN, Valencia, California, USA). The internal transcribed spacer region (ITS) was amplified using universal primers for eukaryotes ITS5 and ITS4 (White et al., 1990) under the conditions illustrated in Sandoval-Sierra et al. (2014) . Amplified products were sequenced using an automated sequencer (Applied Biosystems 3730xl DNA, Macrogen, Netherlands). For each isolate, the consensus sequences for ITS region were assembled and edited using the program Geneious v6.14 (Kearse et al., 2012) .
Molecular identification of species
For molecular identification at the species level, the ITS nrDNA sequences obtained from all isolates were merged with 62 Saprolegnia reference sequences assigned by Sandoval-Sierra et al. (2014) using the software Geneious v6.1.4 (Kearse et al., 2012) . Mafft v7.0 was used for the alignment (Katoh and Standley, 2013) . The sequences were analyzed using Bayesian inference and Maximum Likelihood as described in Sandoval-Sierra et al. (2014) , and the isolates were assigned to species based on reference sequences for molecular operational taxonomic units (MOTUs) designated by Sandoval-Sierra et al. (2014) . For Bayesian inference analysis the nucleotide model evolution GTR was obtained by running the data sets in jModelTest 2 (Darriba et al., 2012) . The Bayesian inference was performed using MrBayes v3.2.1 (Ronquist et al., 2012) . The Maximum Likelihood analysis was carried out with RaxML (Stamatakis, 2006) , using the graphical user interface raxmlGUI v7.4.2 (Silvestro and Michalak, 2012) . Phylogram trees were visualized with Figtree (http://tree.bio.ed.ac.uk/software/ figtree/).
Analysis of Saprolegnia species associations
Associations of Saprolegnia species with salmonid species, farm, and the developmental stage of the fish specimens were studied by applying two types of analyses:
(i) Correspondence analysis, which graphically represents the row and column categories, and allows a comparison of their associations at a category level in a subspace of lowdimensionality, e.g., two-dimensions (Beh, 2004; Nenadić and Greenacre, 2007) . This analysis produces a dimensional plot of the data variation, which helps with observing overlaps between categorical variables (Beh, 2004) . The relationships among frequencies were displayed in a two-dimension plot. Dimensions 1 and 2 both indicated the percentage of association between the row and column categories (Greenacre, 2007) . (ii) Mosaic plots (Friendly, 1994) , which generate an areaproportional visualization of (typically, observed) frequencies, composed of tiles (corresponding to the cells) created by recursive vertical and horizontal splits of a rectangle (Meyer et al., 2006) . Unlike traditional test statistics, this analysis enables the visualization of contingency tables that cannot be obvious from a numerical output (Meyer et al., 2006) . The associations observed were tested using Pearson's χ 2 -test. This χ 2 -test analysis is based on the maximum of the absolute values of the Pearson residuals generated by 10,000 permutations (Meyer et al., 2006) , and allows visualization of residuals from a given statistical test (Friendly, 1994; Meyer et al., 2006) . Pearson residuals are approximately standard normal, which implies that the highlighted cells are those with residuals individually significant at approximately α = 0.05 and α = 0.0001 levels, respectively (Meyer et al., 2006) .
All analyses were performed in R version 3.02 (R Development Core Team, 2010). The correspondence analysis was carried out with the associated module "ca" v 0.53 (Nenadić and Greenacre, 2007) and the mosaic plots were performed with the associated module "vcd" v 1.3-1 (Meyer et al., 2006) .
Results
Strain isolation and molecular identification
A total of 244 isolates were obtained from all salmon species samples (Table A.1, Fig. 1 ). Microscopic observations showed that all isolates have a saprolegnoid type of discharge characteristic to the genus Saprolegnia (Coker, 1923) . For molecular identification to the species level, a number of 244 nrDNA ITS sequences from 651 to 677 bp were generated from all isolates. These sequences were aligned with 62 reference sequences for Saprolegnia species according to the description by Sandoval-Sierra et al. (2014) . Based on the obtained alignment, a matrix of 746 characters was generated. The phylogenetic and the molecular taxonomic analyses showed that these sequences corresponded to the following MOTUs ( Fig. 2 3 . A correspondence analysis plot displaying the associations of Saprolegnia species with salmonid developmental stages, farms, and species. The figure shows the associations of Saprolegnia species with: a. development stages. Dimension 1 explains 80.98% of the associations that exist between Saprolegnia species and fish development stages, while dimension 2 explains 2.52% of these associations; b. farms. Dimension 1 explains 32.30% of the associations that exist between Saprolegnia species and farms, while dimension 2 explains 0.72% of these associations; and c. salmonid species. Dimension 1 explains 5.72% of the associations that exist between Saprolegnia species and salmonid species, while dimension 2 explains 0.67% of these associations.
Atlantic salmon, 18 isolates for rainbow trout, and 15 isolates for king salmon) ( Table 1 ). The Saprolegnia isolates belonged to the following species: S. parasitica (101 isolates), S. delica (8 isolates), S. ferax (7 isolates), and Saprolegnia sp. 1 (6 isolates) (Table 1) .
From the samples of embryonic stages, a total of 122 isolates were obtained (102 isolates for Atlantic salmon, 20 isolates for rainbow trout) ( Table 1 ). The isolates belong to the species S. diclina (45 isolates), S. australis (36 isolates), S. delica (21 isolates), S. ferax (8 isolates), Saprolegnia sp. 1 (4 isolates), and Saprolegnia sp. 2 (8 isolates) (Table 1) .
Analyses of associations of Saprolegnia species
The correspondence analyses showed two strong associations of Saprolegnia species with the salmonid development stage (Fig. 3a) . The first association was between S. parasitica and the adult stage of the salmonid samples (Fig. 3a) , and the second association was between S. australis, S. diclina and Saprolegnia sp. 2, and the embryonic stages of salmonids (Fig. 3a) . Saprolegnia species such as S. delica, S. ferax and Saprolegnia sp. 1, however, did not show any association with any particular fish developmental stage (Fig. 3a) . In this analysis, these two dimensions explained the 83.50% of association of Saprolegnia species with the developmental stage. The first dimension visualized 80.98% of the association that exists between Saprolegnia species and development stages, while the second dimension visualized 2.52% of these associations (Fig. 3a) . Regarding the associations of Saprolegnia species with farms and salmonid species, the correspondence analysis did not show any association. In farms, the first dimension visualized 3.22% of the association, while the second dimensions visualized 0.65% (Fig. 3b) . Finally, when studying the associations of Saprolegnia species with salmonid species, the first dimension visualized 5.72% of the association and the second dimension visualized 0.67% (Fig. 3c) .
Mosaic plot analysis also revealed significant associations of some Saprolegnia species with fish developmental stages (χ 2 = 196.29, p b 0.0001). Thus, S. parasitica was significantly associated with samples of the adult stage of the salmonids (Fig. 4a) , while S. australis, S. diclina and Saprolegnia sp. 2 have a significant association with samples from embryonic stages of the salmonids (Fig. 4a) . Finally, the species S. delica, S. ferax and Saprolegnia sp. 1 did not show significant associations with neither adult nor embryonic stages (Fig. 4a) . In addition, mosaic plot analysis showed that the associations of Saprolegnia species with salmonid farms were not significantly different (χ 2 = 3.40, p = 0.0854). Furthermore, mosaic plot analysis showed that the Saprolegnia species were not specifically associated with any fish species (χ 2 = 2.32, p = 0.1321) (Fig. 4c) .
Discussion
In spite of the increasing impact of saprolegniosis and the improved understanding of the molecular taxonomy of Saprolegnia, the specific species suspected to cause this disease in salmonids has not been studied in detail, and in particular, in the economically important salmonid aquaculture of Chile.
In this work, we have identified the main Saprolegnia species involved in saprolegniosis in a number of selected salmonid farms covering main farming regions and salmonid species of Chile. Previous studies on the etiology of saprolegniosis in similar areas of Chile had attributed the existence of this disease only to the species S. parasitica Fig. 4 . Mosaic plot analysis of Saprolegnia species with salmonid: a. development stages, b. farms, and c. species. The size of each box is proportional to the numbers of isolates obtained from each salmonid developmental stage, farm, and species. The boxes are color-coded as follows: white, when the observed proportion is significantly much lower (p b 0.01) than expected under the hypothesis of a homogeneous distribution; light gray, the observed proportion is lower than expected (0.01 b p b 0.05); and black, the observed proportion is much higher than expected (p b 0.01). In the analysis the information regarding the values equal to zero is displayed with . (Zaror et al., 2004) . However, in this study, we have found by applying a molecular taxonomic approach that other Saprolegnia species are responsible for this salmonid disease, i.e., S. australis, S. delica, S. diclina, S. ferax, and two not previously described Saprolegnia species. Furthermore, we showed that the presence of a particular Saprolegnia species is independent from the farm-origin or salmonid species, and instead is related to the developmental stage of the salmonid. Thus, our analyses showed a strong association of S. parasitica with adult salmonids having saprolegniosis. This confirms previous studies indicating that this species is the primary pathogen in adult salmonids (Diéguez-Uribeondo et al., 1996; Fregeneda-Grandes et al., 2007; Hatai and Hoshiai, 1992a; Hussein et al., 2001; Noga, 1993; Pottinger and Day, 1999; Willoughby and Pickering, 1977) . Mass mortalities and economic losses in the salmon industry due to S. parasitica have been extensively reported in countries such as Canada, Ireland, Japan, Scotland, Scandinavia, and the USA (Hatai and Hoshiai, 1992a,b; Hussein and Hatai, 2002; Hussein et al., 2001; Langvad, 1994; Mueller and Whisler, 1994; Smith, 1994; van West, 2006; Willoughby, 1978) . Saprolegnia parasitica is capable of affecting salmonids species such as coho salmon, masu salmon (Oncorhynchus masou), sockeye salmon (Oncorhynchus nerka), chum salmon (Oncorhynchus keta), rainbow trout, brown trout (Salmo trutta), Japanese char (Salvelinus leucomaenis), and Atlantic salmon. Moreover, S. parasitica has also been reported to having attacked other fish species different from salmonids, e.g., channel catfish (Ictalurus punctatus) and pejerrey (Odontesthes bonariensis) (Bly et al., 1992; Kitancharoen et al., 1995) . The biological mechanism and virulence factors responsible for this high association of S. parasitica with adult salmonids are just beginning to be understood (Banfield and Kamoun, 2013; Jiang et al., 2013) . A potential virulence factor enabling the pathogenicity of S. parasitica to the adult fish stage could be due to the presence of long spines on their cysts (Beakes, 1983; Diéguez-Uribeondo et al., 2007) . These have been shown to represent attachment structures unique of this species that allows adhesion of S. parasitica more firmly than that of any other Saprolegnia species (Rezinciuc, 2013) .
In embryonic stages, we found that S. australis, S. diclina and Saprolegnia sp. 2 were strongly associated with samples isolated from eggs and alevins. S. diclina has been generally considered as the main threat for fish eggs Hussein et al., 2001; Kitancharoen and Hatai, 1996; Kitancharoen et al., 1997; Thoen et al., 2011; . Regarding S. australis, this species has been considered an opportunistic pathogen Hussein et al., 2001) , and has been isolated from eggs of chum salmon and brown trout with symptoms of saprolegniosis. However, in a recent study, this species was shown to be pathogenic to both eggs and alevins by checking Koch postulates (Rezinciuc et al., 2014) . Similar studies aiming to assess the role of S. australis and also S. diclina as primary pathogens in amphibian eggs have demonstrated that both species can colonize and kill embryonic stages of amphibians (Fernández-Benéitez et al., 2011; Perotti et al., 2013) . Additionally, we found another species associated with the fish embryonic stages, i.e. Saprolegnia sp. 2. Some sequences from GenBank that correspond to this undescribed species have been isolated from embryonic stages of amphibians (Ault et al., 2012; Ruthig, 2009; Ruthig and Provost-Javier, 2012) . However, this study constitutes the first report of the association of this undescribed species with fish embryonic stages. The biological and ecological mechanisms allowing these species to be more easily associated with this stage are unknown, but this study contributes to the identification of a set of species that should have advantageous properties to colonized embryonic stages not only in fish, but also in other organisms.
The scarce knowledge and few investigations on the Saprolegnia species involved in saprolegniosis on embryonic stages could be the result from the difficulties in identifying species. The species S. australis, S. diclina, and S. delica are morphologically very similar (Beakes et al., 1994; Diéguez-Uribeondo et al., 1994; Hughes, 1994) . The identification of MOTUs for Saprolegnia now allows for an efficient identification of Saprolegnia species, especially of those with suspected diseases in the embryonic developmental stage (Liu et al., 2014; Rezinciuc et al., 2014) .
Regarding, S. ferax, although this species has been considered an important pathogen in fish and amphibian embryonic stages (Cao et al., 2012; Fernández-Benéitez et al., 2008 Sarowar et al., 2014) , the current analyses show that this species is not associated with saprolegniosis of embryonic stages in the Chilean farm studied. Moreover, other species such as S. delica, S. ferax and Saprolegnia sp. 1, were also isolated from both adult fish and embryonic stages, but, none of the analyses showed any association with any specific developmental stage of the fish, which suggests that these Saprolegnia species are present as secondary colonizers after the primary infection caused by S. parasitica.
The analyzed data presented here contributes to the first molecular analysis of species involved in saprolegniosis of salmonids from Chile. The identification of the species involved at different developmental stages can help us to focus on a set of pathogenic species. This will allow us to better understand the biological mechanism and ecological aspects driving these species to become pathogenic, and eventually to develop strategies in order to prevent and control this economically important disease.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.aquaculture.2014.09.005.
